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Adenovirus vectors are promising for use in vaccinating against potential agents of bioterrorism and
emerging infections because of their proven safety in humans and their ability to elicit rapid immune
responses. Here, we describe the construction and evaluation of an adenovirus vaccine expressing domain 4 of
Bacillus anthracis protective antigen, Ad.D4. Ad.D4 elicited antibodies to protective antigen 14 days after a
single intramuscular injection, which were further increased upon boosting. Furthermore, two doses of Ad.D4
4 weeks apart were sufficient to protect 67% of mice from toxin challenge. Additionally, we have characterized
the release of inflammatory cytokines from vaccinated mice after lethal-toxin challenge. We demonstrate that
interleukin 1� (IL-1�) levels in mice that survive lethal toxin challenge are similar to levels in nonsurvivors
and that IL-6 levels are higher in survivors than in nonsurvivors. These findings suggest that lethal-toxin-
mediated death may not be a direct result of inflammatory-cytokine release.

Inhalational anthrax, a disease caused by the spore-forming
bacterium Bacillus anthracis, is highly lethal and has emerged
as a serious bioterrorism threat, as evidenced by the intentional
dispersal of weaponized spores through the U.S. mail system in
2001. After the onset of detectable symptoms, the clinical
course of inhalational anthrax is extremely rapid, usually re-
sulting in sudden death within a few days (6). This rapid dis-
ease progression severely limits the effectiveness of postexpo-
sure antimicrobial therapies. A Food and Drug Administration-
licensed vaccine for anthrax, the Anthrax Vaccine Adsorbed
(AVA), is available in the United States and consists of the
filtered culture supernatant from a nonencapsulated strain of
B. anthracis combined with an aluminum adjuvant (21). AVA
is effective in protecting animals against aerosolized spores,
but a number of drawbacks associated with its use have
prompted the Institute of Medicine to call for the development
of a new vaccine formulation (22). First, AVA is standardized
by a potency assay in which its ability to provide protection
against spore challenge is assessed (9). The components
present in each production batch of AVA are thus poorly
characterized. Second, AVA is associated with a number of
complications upon subcutaneous administration, often result-
ing in painful reactions at the site of injection, in addition to
systemic reactions, such as joint pain and intestinal disorders
(12, 33, 42). These side effects are thought to be due to bac-
terial components present in the vaccine, as well as the use of
an aluminum adjuvant. Finally, AVA requires a complicated
and protracted dosing schedule, which consists of six injections
over 18 months plus yearly boosts, although it has been re-
ported that two injections are sufficient for stimulating a hu-

moral response (34). A vaccine with fewer side effects that can
induce protective immunity using a shorter dosing schedule
would be better suited for mass vaccination prior to, or in
response to, a bioterrorism event.

After entering the lung, anthrax spores are engulfed by al-
veolar macrophages, in which the spores germinate into the
vegetative form. Upon gaining access to the blood, the bacilli
secrete the three subunits that make up the anthrax toxins,
protective antigen (PA), edema factor (EF), and lethal factor
(LF) (6). The toxins are AB-type toxins in which the common
subunit, PA, oligomerizes and subsequently associates with EF
or LF to form edema toxin and lethal toxin (LeTx), respec-
tively. It has been well established that antibodies generated
against PA are sufficient for providing protection against toxin
and spore challenge in animal models of anthrax (32, 38, 48).
The crystal structure of PA has been solved, revealing four
structural domains within the molecule (29). Furthermore, the
structure of PA in complex with its cellular receptor, CMG2,
indicates that domain 4 (D4) is primarily responsible for me-
diating contact between PA and its receptor (40), and deletion
of D4 from the B. anthracis genome results in a �10,000-fold
decrease in virulence (3). Immunization with D4 alone is suf-
ficient to protect mice from spore challenge (10), suggesting
that D4 contains the epitopes necessary for generating protec-
tive immunity to B. anthracis.

Mutation of the LF gene results in a decrease in virulence of
over 3 log units, suggesting that LeTx is the bacterial product
responsible for much of the morbidity of anthrax (30). Addi-
tionally, administration of purified LeTx reproduces many of
the disease symptoms associated with anthrax, including rapid
death (24). While it is known that LF is a zinc metalloprotease
that inactivates MAPK kinases (7), the mechanism by which
LeTx ultimately kills an infected host is unclear. Macrophages
of some strains of inbred mice are exquisitely sensitive to
LeTx-mediated lysis, while the macrophages of other strains
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are more resistant (11). Furthermore, depletion of macro-
phages from susceptible mice results in their resistance to
LeTx (15). These findings, in addition to work indicating that
macrophages release proinflammatory cytokines in response to
LeTx, have suggested a model in which LeTx induces a shock-
like syndrome due to cytokine release caused by macrophage
lysis (15). However, more recent reports have shown that LeTx
does not stimulate cytokine release from macrophages but
actually inhibits cytokine release caused by lipopolysaccharide
(8, 27). Additionally, Moayeri and colleagues showed that
LeTx causes death by inducing hypoxic liver failure in strains
harboring either toxin-sensitive or -resistant macrophages.
This study also showed that death from LeTx was independent
of the release of inflammatory cytokines, and many of the
symptoms associated with a classic shock-like syndrome were
not present (23). It thus remains unclear what role, if any, is
played by proinflammatory cytokines in anthrax pathogenesis.

In the present study, we describe the development of an
anthrax vaccine in which adenovirus is used to immunize mice
against D4 of PA. Genetic immunization with full-length PA
has been shown to provide protective immunity (14, 19, 45);
however, concerns have been raised over introducing a poten-
tially active toxin subunit to individuals at risk of exposure to B.
anthracis (2). Adenovirus was chosen as a vector because of its
ability to generate a rapid and robust humoral response to
encoded transgenes (46). A number of studies have demon-
strated that adenovirus vectors are able to induce rapid immu-
nity to a variety of pathogens (36, 39, 44). We demonstrate that
an adenovirus expressing D4 induces protective immunity
against LeTx challenge. In addition, we examined the release
of inflammatory cytokines from vaccinated mice that either
survived or succumbed to toxin challenge in order to further
characterize the mechanism by which LeTx kills its host. We
present evidence that death from LeTx is not a direct result of
inflammatory-cytokine release.

MATERIALS AND METHODS

Cells and culture conditions. 293 cells are human embryonic kidney cells
transformed by the adenovirus E1 region (13). C7 cells are 293 cells expressing
the adenovirus DNA polymerase and preterminal protein (16). RAW 264.7 cells
are a murine macrophage cell line (ATCC TIB-71). All cells were maintained in
Dulbecco’s modified Eagle’s medium (Gibco-BRL) with 10% fetal bovine serum
(DMEM-10), 100 U penicillin/ml, and 100 �g streptomycin/ml at 37°C with 5% CO2.

Codon optimization and vector construction. Optimization of the PA D4
reading frame for expression in mammalian cells was accomplished using a
two-step PCR. Overlapping oligonucleotides (Table 1) were first assembled in a
reaction mixture consisting of 20 nM (each) oligonucleotide, 0.2 mM deoxynucle-
otide triphosphates, 1 mM MgSO4, 1.2 U Platinum Pfx Polymerase (Invitrogen),
and 5 �l enhancer solution per 50-�l reaction mixture. Two microliters of the
assembly reaction mixture was then amplified with the D4for and D4rev primers,
which incorporate BamHI and HindIII sites, respectively. The PCR product was
confirmed by sequencing and cloned into pUMVC6 (University of Michigan
Vector Core) via BamHI and HindIII for incorporation of the interleukin 2
(IL-2) signal peptide. The resulting vector, pUMVC6-D4, was digested with
EcoRI and HindIII, and the insert was subcloned into pACCMV2 (University of
Michigan Vector Core) to make pACCMV2-D4.

pACCMV2-D4 was linearized with XmnI and recombined onto an adenovirus
type 5 backbone lacking the E3 coding region, dl7001 (37), using Cre recombi-
nase (1). The resulting full-length adenovirus chromosome was transfected into
C7 cells for rescue of Ad.D4. After plaque purification and amplification, Ad.D4
was purified by double CsCl centrifugation, dialyzed into storage buffer (20 mM
Tris, pH 8.0, 25 mM NaCl, 2.5% glycerol), and titered by fluorescent focus assay
as described previously (50). Ad.CMV, an isogenic virus containing no transgene,
was constructed and purified in the same way.

Western blotting. To confirm the expression of D4 upon infection, 293 cells
were infected at a multiplicity of infection of five infectious particles/cell, and cell
lysates and supernatants were collected 24 h postinfection. Forty-five micrograms
of cell lysate and 30 �l of supernatant were resolved on a 4 to 20% polyacryl-
amide gel and transferred to nitrocellulose. For PNGase F treatment, samples
were incubated with 20,000 U of PNGase F (New England Biolabs) for 1 h at
37°C after being denatured according to the manufacturer’s protocol. Western
blotting was performed using a rabbit antiserum raised against PA to detect D4,
and the adenovirus type 5 IVa2 protein was detected using a goat antiserum as
described previously (28).

Vaccination and lethal toxin challenge. Groups of 7- to 8-week-old female
Balb/c mice (Jackson Laboratories) were immunized intramuscularly (i.m.) at 0
and 4 weeks with the indicated doses. Virus preparations were diluted in phos-
phate-buffered saline (PBS), and 50 �l was injected into each quadriceps muscle.
As a positive control, one group was injected subcutaneously with 10 �l of AVA
(Bioport, Lansing, MI) diluted in 100 �l PBS. Blood was collected from the
retro-orbital sinus before the first injection (preimmune) and at 2 and 5 weeks
after the first injection. Serum was separated from blood cells and stored at
�80°C until analysis. For LeTx challenge, 48 �g of PA and 20 �g of LF (List
Biological Laboratories) were injected intravenously via the tail vein, and the
mice were closely monitored for 10 days. All animal procedures were approved
by the University of Michigan Committee on the Use and Care of Animals.

Serum analysis. Indirect enzyme-linked immunosorbent assays (ELISAs)
were used to quantify the anti-PA antibody response in vaccinated mice. Immu-
lon 96-well Maxisorp plates (Nalge Nunc) were coated with 0.1 �g PA/well by
incubation at 4°C in PBS overnight. The wells were washed twice with 0.1%
Tween 20 in PBS (PBST) and blocked with 5% dry milk in PBST (PBSTM) for
30 min at room temperature. After the wells were washed twice with PBST, serial
twofold dilutions of serum in PBSTM were added to the wells and incubated for
90 min at 37°C. The plates were washed three times with PBST, and 100 �l of
horseradish peroxidase-conjugated anti-immunoglobulin G (IgG) (Sigma), anti-

TABLE 1. Oligonucleotides used for construction of codon-
optimized PA domain 4

Name Sequence

PA F17 ........5�-TAAAATCAAACTGAATGCCAAGATGAACATC
CTGATCCGGGACAA
GCGGTTCCACTATGACCGGAATAACATCGCC
GTGG-3�

PA F18 ........5�-GATCAACAGCAGCACCGAAGGCCTGCTGCTG
AACATCGACAAAGA
TATCCGGAAAATCCTGAGCGGCTATATCGTG
GAGA-3�

PA F19 ........5�-GTACGATATGCTGAACATCAGCAGCCTGCGG
CAGGATGGCAAGAC
CTTTATCGATTTCAAGAAATATAACGATAAAC
TGC-3�

PA F20 ........5�-GTACGATATGCTGAACATCAGCAGCCTGCGG
CAGGATGGCAAGAC
CTTTATCGATTTCAAGAAATATAACGATAAAC
TGC-3�

PA R1..........5�-CAGTGGATCCTTATTAGCCGATTTCGTAGCCT
TTCTTGCTAAAGA
TCAGGATTTTTTTGATGCCG-3�

PA R2..........5�-TGTTTTCCTTGGTCACGGCATACACGTTCACC
TTATAATTGGGAT
TGCTGATATACAGGGGCAGTTTATCGTTATAT
TTC-3�

PA R3..........5�-TGATGTTCAGCATATCGTACCGGTCGTTGAT
CACCTCTTTCAGGC
CCTCGGTATCTTCGATCTCCACGATATAGCCG
CTC-3�

PA R4..........5�-CTTCGGTGCTGCTGTTGATCACTTCCCGATGG
GCCTCTTTCACCA
CGCTCTCATCGGCGCCCACGGCGATGTTATTC
CGG-3�

D4fora ..........5�-ATCGGGATCCTTCCACTATGACCGGAATAA-3�
D4reva..........5�-TCAAGCTTTTAGCCGATTTCGTAGCCTT-3�

a Underlined sequences represent BamHI (D4for) and HindIII (D4rev) used
for cloning.
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IgG1 (Southern Biotechnology), or anti-IgG2a (Immunology Consultants Lab-
oratory) diluted in PBSTM (1:5,000) was added to each well and incubated at
room temperature for 1 h. After the wells were washed four times with PBST,
100 �l of horseradish peroxidase substrate (Bio-Rad) was added to each well and
developed for 20 min at room temperature. The reaction was stopped by the
addition of 100 �l 2% oxalic acid, and the absorbance was read at 415 nm on a
SpectraMax 190 (Molecular Devices). The endpoint titer was defined as the
highest dilution at which the optical density at 415 nm was at least 0.1 above that
of the background wells (wells receiving no serum).

Lethal-toxin-neutralizing titers were determined essentially as described pre-
viously (45). Briefly, 24 h before the assay, 3 � 104 RAW 264.7 cells were plated
in each well of a 96-well dish. Pooled sera from groups of mice were serially
diluted in DMEM-10 and combined with PA to a final concentration of 200 ng
PA/ml. The serum-PA mixture was incubated at 37°C for 1 h to allow antibody
binding. LF was added to the mixture to a final concentration of 100 ng LF/ml
and 100 ng PA/ml. The growth medium was removed from the RAW 264.7 cells,
and 100 �l of the PA-LF-serum mixture was added. After incubation at 37°C for
4 h, the PA-LF-serum mixture was removed and 100 �l DMEM-10 and 50 �l
XTT reagent (Roche) was added to each well and incubated at 37°C for 16 h.
Cell viability was determined by measuring the optical density at 450 nm. Cells
receiving no PA or LF were used to determine 100% cell viability. The lethal-toxin-
neutralizing titer was defined as the dilution resulting in 50% protection of cells.

Serum cytokines. Two hours after injection of lethal toxin, blood was collected
from the retro-orbital sinus. The levels of IL-6 and IL-1� in the serum were
measured using a capture ELISA according to the manufacturer’s protocol (BD
Pharmingen). Concentrations were determined by comparison to a standard
curve generated using purified cytokines.

Statistical analysis. Differences in survival between groups of mice were de-
termined using a log rank test. Comparisons of endpoint titers and cytokine
levels between groups of mice were made using Student’s t test. A P value of
�0.05 was considered significant.

RESULTS

Construction of an adenovirus expressing D4. Analysis of
the B. anthracis protective-antigen reading frame revealed that
many of the codons were not optimal for expression in mam-
malian cells. In order to ensure high-level expression of D4, an
open reading frame in which codon usage was optimized for
mammalian cells was constructed by assembling synthetic oli-
gonucleotides (Table 1). The optimized D4 open reading
frame was fused to the IL-2 signal peptide to allow secretion of
D4 and was placed under the control of a cytomegalovirus
(CMV) immediate-early promoter in an adenovirus serotype 5
vector with E1 and E3 deleted (Fig. 1A). To determine if D4
could be stably expressed in and secreted from mammalian
cells, 293 cells were infected with Ad.D4 or Ad.CMV. The cell
lysates and supernatants were assayed by Western blotting
using a polyclonal antibody against PA (Fig. 1B). Five nano-
grams of recombinant PA was used as a positive control. A
band of approximately 20 kDa was detected in both the lysates
and supernatants from cells infected with Ad.D4, but not from
cells infected with Ad.CMV, indicating that D4 could be ex-
pressed and secreted. The presence of D4 in the supernatants
was not due to cell lysis, since adenovirus proteins were not
detectable in the supernatants (data not shown).

Sequence analysis of D4 revealed that it contained three
potential N-linked glycosylation sites. To determine if D4 was
being N glycosylated, cell lysates from Ad.D4- infected cells
were treated with PNGase F, which cleaves sugars from aspar-
agine residues. As shown in Fig. 1C, the increased mobility of
D4 after PNGase F treatment indicated that it was N glycosy-
lated and confirmed that D4 is routed through the secretory
pathway, since this modification occurs in the endoplasmic
reticulum (18). As expected, the mobility of the adenovirus
protein IVa2 was unchanged, since it is not glycosylated.

Antibody response. The ability of Ad.D4 to stimulate an
antibody response to PA after i.m. administration was deter-
mined by injecting groups of five mice with 1 � 107, 1 � 108,
or 1 � 109 infectious particles of Ad.D4 at 0 and 4 weeks. As
a negative control, one group received 1 � 109 infectious
particles of Ad.CMV, the vector encoding no transgene, and as
a positive control, one group received 10 �l of AVA subcuta-
neously. Preimmune serum and serum collected at 2 and 5
weeks were analyzed for the presence of antibodies to PA by
indirect ELISA (Fig. 2A). As expected, no antibodies against
PA were present in mice before immunization. Two weeks
after the first injection, total IgG against PA was detectable in
all groups receiving Ad.D4 at levels similar to those receiving
AVA. At 5 weeks, total IgG was further increased approxi-
mately 10-fold in all groups. Mice receiving Ad.CMV did not
have detectable levels of anti-PA antibodies at any time point.

In order to determine the type of immune response being
stimulated, the levels of two IgG subtypes were assessed. In
mice, IgG1 is indicative of a Th2-type response, whereas IgG2a
is predominantly produced during a Th1 response. Two weeks
after the first injection, mice receiving the AVA had on aver-
age approximately sixfold more IgG1 than mice receiving 1 �
109 infectious particles of Ad.D4 (Fig. 2B), while total IgG
levels in the two groups were similar (Fig. 2A). At 5 weeks,
IgG1 levels were approximately twofold higher in mice receiv-
ing AVA than in mice injected with 1 � 109 infectious particles
of Ad.D4. In contrast, mice receiving this dose of Ad.D4 had
IgG2a titers of approximately 103 2 weeks after injection while
AVA-injected mice had no detectable IgG2a at this time point
(Fig. 2C). At 5 weeks, IgG2a was detectable in mice receiving

FIG. 1. Construction of Ad.D4 and transgene expression.
(A) Schematic showing Ad.D4 construction by Cre recombination
between pACCMV2-D4 and the dl7001 backbone. ITR, inverted ter-
minal repeat; CMV, cytomegalovirus immediate-early promoter;
optD4, codon-optimized domain 4 of PA; IL-2sp, IL-2 signal peptide.
(B) 293 cells were infected at a multiplicity of infection of five infec-
tious particles/cell with either Ad.CMV or Ad.D4 or mock infected.
Cell lysates and culture supernatants were analyzed by Western blot-
ting using a polyclonal antibody to PA. (C) Lysates from cells infected
with Ad.D4 were untreated (�) or treated (�) with 20,000 U PNGase
F, and IVa2 and D4 were detected by Western blotting.
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the AVA, although at approximately 25-fold-lower levels than
in mice receiving 1 � 109 infectious particles of Ad.D4.

The ability of sera from immunized mice to neutralize toxin
in vitro was determined by assessing their ability to protect
mouse macrophage cells from LeTx-mediated lysis. At 2
weeks, pooled sera from each group, including the group re-
ceiving Ad.CMV, provided protection just above the limit of
detection, suggesting that antibodies generated against the ad-
enovirus vector may be able to nonspecifically neutralize LeTx
(Fig. 2D). At 5 weeks, neutralizing titers increased significantly
in all groups receiving Ad.D4, although to levels approximately
three- to fivefold lower than in AVA-injected mice.

Lethal toxin challenge. To determine if administration of
two doses of Ad.D4 could provide protection against intoxica-
tion, immunized mice were challenged with LeTx. Fourteen
days after the final immunization, mice were given four times
the 50% lethal dose of LeTx intravenously via the tail vein. All
mice receiving Ad.CMV succumbed within 5 days, with a mean
time to death of 2.5 	 0.3 days (mean 	 standard error of the
mean [SEM]) (Fig. 3A). Of mice vaccinated with 1 � 109

infectious particles of Ad.D4, 67% survived lethal-toxin chal-
lenge (P � 0.001 versus the Ad.CMV group). The mean time
to death of mice vaccinated with Ad.D4 that did not survive
(4.3 	 1.2 days) was approximately 72% longer than that of
mice vaccinated with Ad.CMV, although this difference was
not statistically significant (P 
 0.067). All mice in the positive
control group (AVA) survived toxin challenge. To verify that
survival was correlated with the levels of anti-PA antibodies,
prechallenge total IgG titers of vaccinated mice that survived
toxin challenge were compared to those of mice that suc-
cumbed. On average, mice that survived had approximately

10-fold-higher anti-PA IgG than mice that did not survive (1.2
� 104 versus 1.5 � 103; P � 0.01) (Fig. 3B).

Cytokine response to LeTx. To determine whether levels of
inflammatory cytokines were different between mice surviving
and succumbing to lethal toxin challenge, sera were collected
from mice receiving either Ad.D4 (n 
 4) or Ad.CMV (n 
 4).
The sera were taken 2 hours after toxin administration, since it
has been shown that cytokine levels peak at this time point
(23). Levels of IL-1� and IL-6 were then measured, because
they have been implicated in LeTx-mediated death (15, 35).
The IL-1� and IL-6 levels were below the limit of detection in
all mice before LeTx injection (Fig. 4). Two hours after LeTx
administration, IL-1� levels in survivors and nonsurvivors were
not significantly different (139 	 38 versus 180 	 22 pg/ml)
(Fig. 4A). Furthermore, there was no correlation between the
prechallenge anti-PA IgG titer and IL-1� levels in individual
mice vaccinated with Ad.D4. Serum levels of IL-6 were signif-
icantly higher in mice that survived toxin challenge than in
those that did not survive (2,598 	 249 versus 1,528 	 47
pg/ml; P � 0.005) (Fig. 4B). Mice injected with PA alone, LF
alone, or PBS had no detectable IL-1� (data not shown). The
IL-6 levels in mice receiving PA and LF alone were similar to
levels in mice receiving PBS and approximately fivefold lower
than in toxin-injected mice (data not shown), consistent with
results seen previously (23).

DISCUSSION

In the context of a bioterrorist incident, it may become
necessary to vaccinate large populations against B. anthracis.
An ideal vaccine would be able to induce rapid protective

FIG. 2. Antibody responses in vaccinated mice. Anti-PA titers of preimmune, 2-week, and 5-week sera from vaccinated mice. Endpoint titers
for total IgG (A), IgG1 (B), and IgG2a (C) are shown as the mean titer for each group, with error bars representing the SEM. (D) LeTx-
neutralizing titers of preimmune, 2-week, and 5-week sera from vaccinated mice are expressed as the mean of triplicate experiments, with error
bars representing the SEM.
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immunity without causing adverse side effects. The results
from this study demonstrate that an adenovirus vector encod-
ing codon-optimized D4 of PA induces an antibody response
against PA within 14 days of a single i.m. injection. Further-
more, two doses of 1 � 109 infectious particles administered 4
weeks apart were sufficient to provide significant protection
against LeTx challenge. Administration of purified LeTx is an
accepted model for the initial evaluation of new anthrax vac-
cines because it reproduces many symptoms of the disease
(24). Vaccination against bacterial challenge would be the next
logical test of our vector.

Genetic vaccination using full-length PA expressed from
various vectors, including adenovirus, has been shown to be
effective for providing protective immunity (14, 19, 45). How-
ever, concerns have been raised about administering a poten-
tially active toxin subunit to individuals at risk of being exposed
to B. anthracis (2). Because it is unknown how toxins made
during B. anthracis infection will interact with PA produced

from genetic vaccination, we chose to use only D4 of PA as a
vaccine antigen. D4 is not functional as a toxin subunit, since it
lacks the domains necessary for both oligomerization and in-
teraction with the other toxin components, LF and EF (29).
The doses of Ad.D4 used in this study (1 � 107 to 1 � 109

infectious particles) are directly scalable for human use, since
local administration of 1 � 1012 infectious particles of adeno-
virus is known to be safe (5). While these doses provided
somewhat less protection than AVA (67% versus 100%), it
should be noted that the dose of AVA used (10 �l) was not
scaled similarly. This amount of AVA, when scaled for use in
mice by weight/volume ratio, would be equivalent to approxi-
mately 60 times the dose approved for use in humans. In fact,
when 1�-scaled doses of the AVA were used to immunize
mice, no antibodies against PA were produced (data not
shown).

Adenovirus vectors have a number of characteristics that
make them attractive for use as vaccine platforms. First, ade-
novirus has an excellent safety record in humans, as evidenced
by its use in many ongoing clinical trials and its previous use as
a vaccine in military recruits (http://www.wiley.co.uk/genmed
/clinical; 47). Furthermore, adenovirus does not require the
addition of reactogenic adjuvants that can produce unwanted
side effects. Second, a rapid transgene-specific antibody re-
sponse is stimulated after a single administration (45, 49). It
has also been demonstrated that adenovirus vectors are more
efficient at eliciting a humoral response than DNA vaccines
and poxvirus vectors (4, 17). In the present study, anti-PA

FIG. 3. LeTx challenge. Two weeks after the second immunization,
mice were challenged with four times the 50% lethal dose of LeTx
intravenously. (A) Kaplan-Meier curve for groups receiving 10 �l
AVA, 1 � 109 infectious particles Ad.D4, and 1 � 109 infectious
particles Ad.CMV. *, P � 0.001 between Ad.D4 and Ad.CMV.
(B) Prechallenge total IgG levels for mice surviving and succumbing to
toxin challenge. The bars represent the mean titer for each group;
*, P � 0.01.

FIG. 4. Cytokine responses to LeTx. Two hours after LeTx admin-
istration, sera were collected from mice vaccinated with Ad.CMV (n 

4) or Ad.D4 (n 
 4). Capture ELISAs were used to measure the levels
of IL-1� (A) and IL-6 (B) in the sera, and levels from survivors
(Survived; n 
 3) and nonsurvivors (Dead; n 
 5) were compared. The
error bars represent the SEM for each group. *, P � 0.01 between IL-6
levels in survivors and nonsurvivors after LeTx challenge.
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antibodies induced upon administration of Ad.D4 were pre-
dominantly of the IgG2a isotype, whereas the AVA induced
mostly IgG1-type antibodies. These results are in agreement
with previous work indicating that genetic vaccination with
adenovirus results in a robust Th1 response (46). In addition to
stimulating a humoral response, vaccination with adenovirus is
able to stimulate a strong cytotoxic-T-cell response against the
encoded transgene (46). The role of cellular immunity in B.
anthracis pathogenesis is not clear, although it may be benefi-
cial in combating disease by enabling detection of infected
macrophages during the initial stages of infection. Finally, the
adenovirus platform can be easily expanded to include new
antigens from B. anthracis or other pathogens as they are
identified.

Concerns have been raised over the utility of adenovirus as
a vector due to the presence of preexisting neutralizing anti-
bodies to some serotypes in a significant portion of the popu-
lation (46). Additionally, readministration of the same vector
may be ineffective because of antibodies generated during ini-
tial dosing. Here, we have shown that i.m. injection of Ad.D4
4 weeks after a first dose was able to effectively boost antibody
titers approximately 10-fold. This suggests either that anti-
adenovirus antibodies were not present at sufficient levels to
completely neutralize the vector or that anti-adenovirus anti-
bodies were not able to neutralize virus administered intra-
muscularly. It is therefore possible that additional doses of
Ad.D4 would be effective in further boosting anti-PA titers,
potentially increasing its ability to elicit protection. While neu-
tralizing antibodies have been shown to reduce the efficiency of
adenovirus-mediated gene transfer in some cases (46), a num-
ber of strategies have been developed for circumventing this
problem. First, it is possible to switch the serotype of the
adenovirus vector to a serotype against which immunity is less
prevalent in the population being vaccinated (20, 41). Second,
the adenovirus capsid can be manipulated so that preexisting
antibodies are no longer able to neutralize the vector (25, 26).

Some controversy exists over the role of proinflammatory
cytokines in death caused by LeTx. Early evidence suggested
that LeTx induces a shock-like syndrome caused by macro-
phage lysis and subsequent cytokine release. IL-1� was specif-
ically implicated in LeTx-mediated death, since it has been
shown that macrophages from susceptible mice release IL-1�
in response to LeTx. Furthermore, administration of an IL-1
receptor antagonist with LeTx resulted in complete protection
of mice (15). IL-6 has also been implicated in B. anthracis
pathogenesis, since it is released from primary mouse perito-
neal macrophages after infection by spores (31) and mice in-
fected with the fully virulent Ames strain exhibit dramatic
increases in serum IL-6 levels (35). However, conflicting re-
ports have shown that LeTx does not induce cytokine release
from mouse macrophages (8, 27). Additionally, mice with tox-
in-resistant macrophages died from LeTx due to hypoxia-in-
duced liver failure in a similar way to those with sensitive
macrophages, independent of the release of cytokines (23). In
this study, we determined whether levels of inflammatory cy-
tokines correlated with survival after LeTx administration by
measuring IL-1� and IL-6 levels in vaccinated mice that either
survived or succumbed to toxin challenge. We found that IL-1�
levels were similar in surviving and nonsurviving mice. This
argues against the notion that the rapid release of IL-1� is

responsible for death from anthrax, as has been proposed
previously (15). We also showed that IL-6 levels were signifi-
cantly higher in mice surviving toxin challenge than in those
that did not survive, although the biological significance of
higher IL-6 levels in survivors versus nonsurvivors is not clear.
Interestingly, previous work had shown that serum IL-6 levels
were higher in resistant mice than in susceptible mice after
spore challenge (35). Taken together, our data are consistent
with work indicating that death from LeTx is not a direct result
of the release of inflammatory cytokines and the subsequent
development of shock (23). This has implications for develop-
ing therapies for treating acute anthrax. For example, the
model proposing that LeTx causes death due to inflammatory-
cytokine release has prompted the development of anticyto-
kine therapies for the treatment of anthrax, similar to those
used in the treatment of lipopolysaccharide-induced sepsis (15,
43). Our data suggest that these therapies may be ineffective,
since cytokine release occurs regardless of survival.

In summary, the work presented here demonstrates that an
adenovirus vector encoding codon-optimized D4 of PA can
stimulate protective immunity after two administrations 4
weeks apart. This strategy thus warrants further investigation
for use in immunization prior to, or in response to, a bioter-
rorist event. Additionally, analysis of serum cytokine levels
after LeTx challenge suggests that they are not directly respon-
sible for toxin-mediated death. Further investigation of the
molecular events leading to LeTx-induced death is thus nec-
essary.
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